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Abstract 
The hydrothermal treatment (HT) has demonstrated the ability to improve fuel characteristics of biomass. On the 
other hand, the liquid by-product, which potentially contains solubilized nutrient, is being poorly utilized. This paper 
presents an investigation on HT of empty fruit bunch (EFB) on both solid and liquid product characteristics. In this 
work, the effects of HT on EFB were investigated at the HT temperatures of 100, 150, 180 and 220°C with the 
holding time of 30 minutes. The results showed that HT can increase the carbon content, remove up to 55% of ash 
content from EFB, lowering the potassium and chlorine contents down to 0.84% and 0.18%, respectively. Moreover, 
maximum of 37% of nitrogen, 65% of potassium and less than 10% of phosphorus in EFB were dissolved into the 
liquid product which positively correlated with the HT temperature. These results demonstrate the possibility of 
employing HT for producing solid fuel as well as nutrient recovery from EFB. 
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1. Introduction 
The palm oil production is one of Southeast Asia’s major agricultural industries. Total global annual 
production of palm oil is estimated at over 45 million tons, with Indonesia and Malaysia as major world 
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producers and exporters [1]. However, there is a concern about its environmental impacts since the 
industry also produces an abundance amount of wastes. On an average, for every ton of fresh fruit 
bunches (FFB) processed, wastes of 230 to 250 kg empty fruit bunch (EFB), 130 to 150 kg of fiber, 60 to 
65 kg of shell and 55 to 60 kg of kernel are produced [2]. To make it more sustainable, waste can be 
minimized by converting it into useful products, such as renewable energy.  
Empty fruit bunch (EFB) is the major by-product of the palm oil industry which is being 
acknowledged as one of the most potential kinds of biomass for energy production. However, some of the 
inherent problems with raw biomass materials, like low bulk density, high moisture content, hydrophilic 
nature, and low calorific value, limit its ease of use [3,4]. Therefore, biomass pre-treatment is needed to 
obtain better fuel characteristics of EFB. 
The hydrothermal treatment (HT) is known for converting high moisture content solid wastes into 
dried, uniform, pulverized, and higher energy density solid fuels. HT is a pressurized thermal conversion 
process in the water/saturated steam media conducted at a relatively low temperature of 180-230 °C, with 
or without the usage of citric acid and metal ions catalyst [5]. Previous studies on HT of EFB revealed an 
improvement in the fuel qualities of EFB such as the increase of the carbon content, a higher energy 
density, and lower O/C and H/C ratios compared with the raw feedstock after the HT process [6,7]. 
However, from the HT process of EFB, liquid residue is also obtained. To date, the liquid residue is 
regarded as wastewater, and there is a limited investigation on the utilization or further treatment of this 
liquid product. During HT, some inorganic, organic contentsand trace elements in EFB may dissolve into 
the liquid phase. It was revealed the HT can effectively transport nutrient components in biomass into a 
liquid product [8]. This nutrient source might be used for organic fertilizer. Therefore, this paper deals 
with the evaluation of the solid product as a fuel and liquid residue characterization for seeking its 
potential usage as a liquid organic fertilizer.  
2. Experimental 
2.1. Material and HT process 
The EFB samples used were obtained from a palm oil mill in Malaysia in a dried-milled condition. The 
samples were prepared into the particle size of less than 10mm long and kept in sealed plastic bags. 
The experimental apparatus setup consists of a 500mL batch type autoclave reactor (MMJ-500, Japan). 
In this experiment, 20 g of EFB and distilled water in 1:10 biomass-water ratio was supplied to the 
reactor. Argon gas was used for purging operations. The reactor temperature was set at 100, 150, 180, 
220oC, respectively, with the holding time of 30 min. After completed, the product was discharged from 
the reactor. The solid part was separated from the liquid by using a vacuum filtration, then oven dried at 
105°C for 24 h, and stored in a sealed bag before further analysis. The liquid part were filled in the bottle 
and kept in a refrigerator. All HT at four temperatures were conducted in triplicate. 
2.2. Analytical Methods 
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The ultimate analysis (dry basis) of EFB was conducted using Vario Micro Cube Elemental Analyzer 
(Elementar, Germany), where oxygen was determined by difference. A Hitachi Z-5010 Polarized Zeeman 
Atomic Absorption Spectrophotometer was used for potassium content determination for the liquid 
sample. The ultimate correlation by Channiwala and Parikh (2002) was used to estimate the HHV of the 
samples. Kieseler’s study showed that the correlation gives the most accurate result compared to 
proximate correlation and Dulong-formula ultimate correlation for hydrochars [9]. 
Trace elements including heavy metals in the sample are analyzed using ICPE-9000 (Inductively 
Coupled Plasma Emission Spectrometer) (Shimadzu, Japan). Acid digestion was used to dissolve solid 
samples for Atomic Absorption Spectrophotometry and ICPE. A volume of 3mL HNO3 1.38 g/mL was 
added to 0.5 g of the dry solid sample or to 2 mL of the liquid sample. A volume of 5 mL HClO4 60% was 
added to the solution to dissolve SiO2.  
The total C in the liquid residue was determined using Total Organic Carbon Analyzer TOC-5000 
(Shimadzu, Japan) while the total N was determined using Nitrogen Measuring Unit NM-1 attached to 
TOC-VE (Shimadzu, Japan). The pH and EC were analyzed for the liquid sample using pH and EC 
meters. 
Germination test was conducted by evenly placing 20 seeds of Komatsuna (Brassica rapa var. 
perviridis) in a petri dish containing special filter paper (Tanepita, FHK, Japan), moistened with 5ml 
distilled water or a treatment solution. As the treatment solution, liquid sample obtained under different 
HT temperatures were diluted to different solutions based on the TC concentration. Three replicates were 
set out for each treatment, including distilled water that was used as the control. The petri dishes were 
then incubated at 25oC for 96 hours in the dark. After incubated, germinated seeds were counted, the root 
and shoot lengths were measured. The GI was then calculated using the Germination Index formula [10]. 
Data were analyzed statistically using ANOVA provided by Data Analysis ToolPak of the Excel and 
means were compared by Fisher's Least Significant Difference (LSD) test at 5% probability levels. 
3. Result and Discussion 
3.1. Fuel properties of solid product 
The chemical characteristics of raw and hydrothermally treated EFB are presented in Table 1. HT denotes 
for the hydrothermally treated sample followed by the treatment temperature. It can be seen that HT 
achieved an increase in the carbon content. The carbon content increase with the increase of the operating 
temperature exhibited consistently in previous reports [6]. Due to the increasing carbon content, the HHV 
is also substantially increased. The HT-220 solid product has a heating value which almost equal to low-
grade sub-bituminous coal (approximately 20 MJ/kg). It indicates the possibility of using hydrothermally 
treated products as co-firing fuel with coal. 
 
Table 1. Chemical characteristics and properties of the raw EFB, and the HT solid products 
Element 
Weight Percentage (wt%), dry 
Raw HT-100 HT-150 HT-180 HT-220 
Ash 4.9 4.6 3.4 2.2 4.1 
Carbon 43.56 44.07 45.25 46.43 49.98 
Hydrogen 5.34 5.24 5.51 5.57 5.38 
Nitrogen 0.56 0.79 0.59 0.4 0.77 
Sulfur 0.11 0.08 0.09 0.03 0.09 
Chlorine 0.67 0.23 0.26 0.18 0.5 
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Oxygena 45.6 45.3 45.3 45.4 40.4 
Total 100 100 100 100 100 
      
Potassium (%DM) 3.24 1.46 1.48 0.84 0.9 
HHVdry (MJ/kg) 16.69 16.78 17.55 18.03 19.60 
Energy yieldb  79% 81% 82% 66% 
aOxygen=100-Ash-C-H-N          b (HHV product x mass yield)/HHV raw          
The ash content can be lowered up to 2.2% by HT-180. The HT-220 product contains higher ash content 
compared to HT-180 product. Under higher temperature treatment, biomass becomes more porous as all 
the hemicelluloses and extractives have been reacted, and much of the cellulose has reacted as well [4]. 
The porous structure might absorb some inorganics, which might explain the increase of the ash content. 
Table 1 also shows that chlorine and potassium content in EFB can be reduced up to 73% and 74%, 
respectively, after HT. Further investigations on the effect of the change in elemental composition after 
HT onslagging and fouling tendency areworth to be studied. A higher reaction temperature produces 
relatively higher HHV especially at HT-220, but considering the energy yield and the ash content of the 
product, HT at 180oC seems more favorable for the large-scale production of solid fuel from EFB. 
Moreover, the reaction at a lower temperature results in less energy requirement and lower capital-
operating costs. 
3.2. Main nutrient in liquid product 
Macronutrients, essential elements used by plants in relatively large amounts for plant growth, are 
nitrogen (N), phosphorous (P), and potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) which 
N, P, and K as the primary macronutrient. Table 2 shows the macronutrient content in liquid HT products.  
 




N P K Ca Mg 
HT-100 208.2 ± 9.8 61.8 ±  2.3 86.0   ± 16.3 13.7 ± 0.3 85.0 ± 2.5 
HT-150 263.4 ± 5.2 75.7 ±  1.4 2,684 ± 54.8 20.3 ± 3.4 119.8 ±  2.9 
HT-180 268.3 ± 8.5 60.5 ±  2.9 2,780 ± 35.1 22.3 ± 1.9 149.3 ± 4.3 
HT-220 337.4 ± 10 68.1 ±  4.0 3,394 ± 52.6 91.5 ± 0.2 199.2 ± 3.7 
Each datum are the mean ± S.E 
Fig. 1. N, P, K solubilisation ratios  
 
The solubilisation ratio is defined as the ratio of the initial sample content minus the treated sample 
content divided by the initial sample content.  From Fig. 1, the solubilisation of N, P, and K linearly 
increased as the reaction temperature was increased, especially for K. The maximum solubilisation ratio 
for N, P, and K are 37.2, 9.8, and 64.8%, respectively. However, macronutrients concentration as shown 
in Table 2 was considerably low compared with that of commercial liquid fertilizer. The source of the 
nitrogen in the liquid residue is the inherent N contained in the plant matter. From Table 1, the nitrogen 
content in raw EFB is relatively low which correlates with a low N in the liquid residue. 
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Besides macronutrient, some elements are also needed by plants for growing in small amounts. From 
the quantitative analysis, the heavy metal like Pb, Cd, Cr were in low detection or even not detected 
(ND). Thus, the products are free from harmful risk of heavy metal. 
The optimum value of pH at which plants can take up nutrients to the root zone and the foliage best is 
ranging from 5.5- 8.5 [11]. During HT, the degradation of hemicellulose, cellulose, and extractives 
produces concentrated sugars and organic acids which dissolved in water. The produced organic acids 
cause a drop in pH of liquid extract phase as low as 4.1 at HT-220. The higher the HT temperature, more 
severe decomposition occurred which resulted in more solubilisation of formed organic acids. As the 
temperature increases, alkali, alkaline earth cations, and ammonium are also more solubilized to the liquid 
phase giving an alkaline effect. However, the organic acid represented by the total carbon seems to 
mainly control the pH. 
 
Table 3. Chemical properties of liquid residue 
 
The correlation between the HT temperature and EC shows an increasing trend. The EC value higher 
than 1.5 dS/m is considered as the upper limit value for growing media and 4 dS/m as the upper limit 
tolerable by plants of medium sensitivity [11]. From Table 3, all samples show high EC that is over the 
limit. The ions contributing to high EC could compete with fertilizer nutrients for plant uptake resulted in 
slower plant growth. Therefore, the dilution factor is the important key in the utilization of the liquid 
product for the agricultural purpose. 
The C/N ratio plays an important role in the release of the nutrients to the soil. If the C/N ratio is 
greater than about 25:1, almost no nitrogen is available, and it is unable to mineralize. It can be seen from 
Table 4 that as the HT temperature increase, more carbon compounds in the liquid phase resulted in 
higher C/N ratio. Even for HT at the lowest temperature, the C/N ratio is around 20 which indicate that 
the decomposition of organically bound nutrients to an inorganic form will occur at a slower pace. 
The higher reaction temperature can transfer more nutrients from the solid to the liquid phase. 
However, considering the value of pH, EC, and C/N ratio, HT at a lower temperature (100-150oC) 
produced a liquid product which is safer for the plant growth. 
 
3.4. Germination test 
 
Since the produced liquid is intended for agriculture use, it is important to consider the safety 
requirement. The evaluation of toxicity by biological testing was conducted for screening the suitability 
of waste for agricultural application. The seed germination and the plant growth bioassay are the most 
common techniques used to evaluate compost phytotoxicity [12]. The Germination Index (GI) used is an 
indicator and its increase corresponded with the decreases in concentrations of phytotoxic compounds. 
 
Table 4. Effect of liquid HT ofEFB on germination of Komatsuna seedlings 
Total Carbon (TC) 
Germination Index (GI) 
HT-100 HT-150 HT-180 HT-220 
1500 ppm 26.6 ± 3.6abc 17.9 ± 7.9abd 1.4 ± 0.3ab 0.0 ± 0.0ab 
Sample 
Parameters 
pH EC (dSm-1) Total Carbon (ppm) Total Nitrogen (ppm) CN Ratio 
HT-100 6.6 ± 0.0 5.4 ± 0.0 4,135.3 ± 37.3 208.2 ± 9.8 19.9 
HT-150 5.9 ± 0.0 6.2 ± 0.0 4,936.3 ± 27.3 263.4 ± 5.2 18.7 
HT-180 5.0 ± 0.0 7.0 ± 0.0 8,021.3 ± 79.3 268.3 ± 8.5 29.9 
HT-220 4.1 ± 0.0 9.0 ± 0.0 11,146.0 ± 58.0 325.7 ± 10 34.2 
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800 ppm 31.2 ± 5.2ace 50.7 ± 7.9ce 13.7 ± 1.2ab 0.0 ± 0.0ab 
300 ppm 35.1 ± 1.7cde 36.0 ± 2.8cde 58.5 ± 11.5e 11.4 ± 4.1abd 
The results are the means of three replicates ± standard error. Value followed by the same letter(s) do not differ significantly 
according to LSD test (α=0.05). 
 
No germination was found for the liquid HT-220 with high TC concentration as shown in Table 4. It 
might be due to the formation of potentially toxic substances like phenols, furfurals, and their derivatives 
at treatment temperature high enough for lignin and sugar degradation. At a higher temperature, more 
organic acids, soluble salts, excessive ions are dissolved which can cause fertilizer burn and seed damage. 
Dilution to lower concentration has a tendency to increase the GI which implies the decreasing of harmful 
effect of liquid HT. Table 4 shows that liquid HT-180 at TC 300 ppm gives the highest germination index 
and significantly different with the other product. However, it is noticed that for compost as a reference, 
GI of ≥80% can be considered phytotoxic free[13]. Therefore, the dilution factor is one of important keys 
in safe application of liquid fertilizer based biomass. Further deeper investigation and improvement of 




The hydrothermal treatment experiment for EFB was performed in order to evaluate the characteristics 
of solid product as a fuel and liquid by-product as an organic fertilizer. It was observed that the reaction 
temperature was important operating parameters to obtain a usable solid fuel, as well as nutrient 
solubilization to the liquid phase. HT can remove up to 55% of ash and lowering potassium and chlorine 
to 0.84%and 0.18%, respectively. The highest heating value recorded was 19.65 MJ/kg which is almost 
equal to that of low-grade sub-bituminous coal. By considering the energy yield, the ash content of the 
product, and the energy requirement, HT at 180oC seems more preferred for the large-scale production of 
solid fuel from EFB. Nutrient solubilization linearly increased as the reaction temperature was increased. 
The maximum solubilisation ratio for N, P, K were 37.2, 9.8, and 64.8%, respectively. However, HT 
temperature higher than 180oC resulted in low pH, high EC and C/N ratio which tend to give poor 
performance if directly applied to the plant.  
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